INTRODUCTION
Health and meteorological effects caused by airborne particulate matter (APM) have been extensively investigated (Dockery et al. 1993; Charlson et al. 1992) . The major emission sources of the APM in Tokyo are thought to include diesel exhaust, gas-to-particle conversion, road dust, iron and steel industries, fuel oil combustion, natural (soil, marine, biogenic emissions, and so on), and refuse incineration origins (Yoshizumi 1991) . A chemical mass balance method in conjunction with the use of atmospheric tracers, such as metals and ions, has been one of the major approaches for the source apportionment of the APM (Gordon 1988) . Radiocarbon has been introduced as a promising measure to determine the mixing ratio of fossil and biomass components (Currie 2000) . Since 14 C completely decays to radioactive decay during the fossilization period, fossil fuels do not contain 14 C. Therefore, the amount of 14 C expressed in a unit of percent modern carbon (pMC) (Stuiver and Polach 1977) can approximate the biogenic contribution of target materials, although the ambient 14 C excess from atmospheric bomb tests of the 1950s (Currie et al. 1989) needs to be corrected for more accurate source dissection. Since 14 C for the APM source apportionment was first introduced by Clayton et al. (1955) , various studies have been performed to characterize APM using 14 C as a tracer to offer quantitative distinctions between fossil and biomass origins (Currie et al. 1989; Hildemann et al. 1994; Currie et al. 1997; Klinedinst et al. 1999; Weissenbök et al. 2000; Lemire et al. 2002; Reddy et al. 2002) . These studies indicated biogenic sources contributed significantly to the total and fine particles in the USA. In our previous study (M Endo, J Yoshinaga, N Yamamoto, Y Yanagisawa, O Endo, S Goto, M Yoneda, Y Shibata, M Moriata, unpublished data), the pMC value of the APM collected in Tokyo was found to be approximately 30. In this paper, seasonal variations in 14 C concentrations in the size-fractionated APM are further reported to provide a detailed insight into the sources of carbonaceous particles.
MATERIALS AND METHODS

Sample Collection
A high-volume Andersen sampler with 5 cascaded stages (<1.3, 1.3-2.2, 2.2-3.8, 3.8-7.9, and >7.9 µm of aerodynamic diameter) (Model AH-600, Sibata Scientific Technology Ltd., Tokyo, Japan) was used for the size-fractionated APM collection. Quartz filters (2500QAST, Pallflex; about 30 cm in diameter) to be loaded in the Andersen sampler were pre-combusted at 850 °C to remove carbon contamination before sampling. The APM samples were collected bimonthly from April 2002 to February 2003 for the duration of 7 days on the rooftop (approximately 20 m from the ground level) of the National Institute of Public Health (NIPH) in Minato-ku, located in the center of the metropolitan Tokyo. The sampler was operated at a nominal flow rate of 566 L/min (total air volume 5705 m 3 ). The sampled filters were kept in a freezer until the 14 C analysis.
C Measurement
The APM collected on a quartz filter (minimum 1 mg carbon) was combusted in a specially designed large-volume quartz tube with 5.0 g copper oxide, 2.5 g copper, and 0.1 g silver foil. After combustion at 850 °C for 2 hr, the resultant gas was cryogenically purified to obtain CO 2 , which was subsequently heated to 650 °C for 8 hr with an iron catalyst and hydrogen in a graphite reaction tube (Kitagawa et al. 1993 ). The produced graphite was packed into targets for accelerator mass spectrometry (AMS) measurement. The AMS analysis was undertaken at the National Institute for Environmental Studies Tandem Accelerator for Environmental Research and Radiocarbon Analysis (NIES-TERRA) Facility (Tanaka et al. 2000) . For 14 C measurements, a certified reference material from the National Institute of Standards and Technology (NIST SRM 4990c, Hox II, USA) was used as a standard (certified pMC value of 134.07). Precision of pMC analysis at the NIES-TERRA was evaluated by repeated analyses of the Hox II and the result was 134.21 ± 0.21 (n=10) (M Endo, J Yoshinaga, N Yamamoto, Y Yanagisawa, O Endo, S Goto, M Yoneda, Y Shibata, M Moriata, unpublished data). The absolute concentrations of biomass and fossil carbons, in addition to their ratios, were calculated with information of the CO 2 pressure generated during the purification process, since it corresponds with absolute carbon content in the APM sample. The surface of the filter for coarse particle fraction (>7.9 µm) was observed with a scanning electron microscope (SEM), and the numbers of pollen in 325 × 225-µm area units were counted.
RESULTS AND DISCUSSION
The annual means and standard deviations of 14 C concentrations in the size-fractionated APM were 36.4 ± 5.3, 43.1 ± 4.9, 44.5 ± 7.1, 49.0 ± 11.0, and 44.8 ± 8.8 pMC for the following particles, respectively, <1.3, 1.3-2.2, 2.2-3.8, 3.8-7.9, and >7.9 µm. There is an increasing tendency in pMC in accordance with an increase of the particle size (Figure 1) . The overall mass-weighted mean pMC in an entire particle size range through the year was 40.2. A study conducted in Los Angeles (USA) showed that contemporary carbon constituted 20-43% of the fine particulate matter (Hildemann et al. 1994) . Therefore, the present results clearly demonstrated that a certain amount of modern (biomass) carbon also contributed to the APM in metropolitan Tokyo as was observed in Los Angeles. It should be noted, however, that our study used the unit of pMC for the purpose of characterizing seasonal and size-fractional trends instead of using the fraction of contemporary carbon for which the ambient 14 C excess needed to be corrected. The potential sources of the biomass carbon include the emissions from the refuse incineration and secondary particle formation from atmospheric oxidation of volatile organic compounds (VOCs) emitted from vegetation. The observed pMC values were higher than that of the reference APM (33.7 pMC), the composite of total suspended particles collected by an electrostatic precipitator over 2 yr between 1997 and 2000 at the same sampling site (M Endo, J Yoshinaga, N Yamamoto, Y Yanagisawa, O Endo, S Goto, M Yoneda, Y Shibata, M Moriata, unpublished). The pMC values observed in each particle size fraction distributed in narrow range around 40 pMC through the year with 2 exceptions. First, pMC elevation was observed in coarse particles collected in April and October 2002. Second, relatively low pMC was found in the finest fraction collected in August 2002. To characterize the reasons for these 2 exceptions, the absolute concentrations of biomass and fossil carbon, derived by multiplication of pMC and carbon concentrations in µm/m 3 for each size fraction, are calculated (Figure 2) . Carbon concentrations were calculated with information of the CO 2 pressure generated during purification process as was previously mentioned. As indicated in the figure, the elevated pMC in the coarse fraction (>7.9 µm) in April and October 2003 may result from an excess of biomass carbon with the constant fossil levels compared to other months. This elevation could be attributed to the coarse particles of biological origin, such as pollens observed by the SEM (Figure 3) , and identified as those of the Japanese cedar and oak species. We also observed a seasonal trend in the frequency distribution of pollens in the >7.9-µm fraction (Figure 4) . Whereas the fossil carbon concentrations were quite constant through all samples, with the exception of December 2002, the results from our SEM observations semi-quantitatively indicated that pollens might increase pMC values in the coarse fraction in April and October 2002.
A relatively low pMC value was observed in the finest particle fraction in August (Figure 1 ) due to the larger amount of fossil carbon (Figure 2 ). There were no clear tendencies of increased production of electricity or traffic density in this month. This might be attributed to the increased volatilization of VOCs from anthropogenic sources (e.g. asphalt surface) due to the hot weather in Tokyo in this season, which could result in the increased formation of fine secondary particles by atmospheric condensation. Further investigation is necessary to clarify the cause of this variation.
The pMC of the elemental carbon in the APM is currently under investigation to identify the combustion sources from either fossil or biomass origins using elemental carbon as an indicator of the combustion sources. We conclude from the results of the present study that the analysis of temporal Apr '02 Jun '02 Aug '02 Oct '02 Dec '02 Feb '03 the number of pollen [cm-2] 
